Abstract
represents the third most common malignancy, and the fourth most common cause of cancer deaths globally, accounting for 1.35 million new cases and 0.7 million deaths annually [4] . The magnitude of the colorectal cancer problem, and the failure of advanced disease chemotherapy to effect significant reductions in the respective mortality rates, indicate that an intensive approach to the prevention of this disease is necessary. Accordingly, research on chemopreventive agents for colorectal cancer has received much attention over the last 30 years. Among several promising compounds (including vitamins A, C, and E, folate and other B vitamins, aspirin, sulindac and other non-aspirin non-steroidal anti-inflammatory drugs, statins, bisphosphonates, selenium, and fiber) [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] , calcium has also been studied. It was proposed by Newmark et al [17] that calcium binds bile acids in the bowel lumen, inhibiting their well-known proliferative and carcinogenic effects.
In addition, calcium has demonstrated a direct antiproliferative effect on cells, as well as promoting cellular differentiation and death (apoptosis) [18] .
Evidence from epidemiologic studies also suggests that higher calcium intake may reduce the risk of colorectal cancer [19] . Most colorectal tumors develop from adenomas arising from the lining of the intestine. Progressiondescribed as the adenoma-cancer (or polyp-cancer) sequence -is characterized by morphological and histological changes [20] . For instance, a small tubular adenoma acquires villoglandular characteristics as it grows. On the molecular level, the adenoma-cancer sequence reflects an accumulation of genomic defects. Generally, a single adenoma has a risk of progressing into neoplasia of 0.25% per year [21] , depending on its size, location, histological type, and the presence of dysplasia.
The standard treatment for colorectal adenomas is endoscopic resection that interrupts the progression to invasive disease [22] . However, even after polypectomy, rates of adenoma recurrence may be up to 50% within 3 years of follow-up [23, 24] . That is why research on colorectal cancer prevention has often focused on prevention of recurrent adenomas. Assuming that the effects of chemopreventive agents on adenomas reflect those on cancer, this endpoint provides a convenient surrogate for the study of colorectal cancer prevention [25, 26] . Contrary to expectations, the recent randomized placebo-controlled trial published by Baron et al [27] showed that daily supplementation with 1200 mg of calcium did not significantly reduce the risk of colorectal adenomas over a time period of 3 to 5 years. In view of earlier promising clinical trial data [28, 29] , we sought to obtain a comprehensive snapshot of the existing evidence on the clinical efficacy of calcium supplementation for the prevention of colorectal adenomas. Therefore, we carried out an updated RESULTS: Four randomized, placebo-controlled trials met the eligibility criteria and were included. Daily doses of elemental calcium ranged from 1200 to 2000 mg, while the duration of treatment and follow-up of participants ranged from 36 to 60 mo. Synthesis of intention-to-treat data, for participants who had undergone follow-up colonoscopies, indicated a modest protective effect of calcium in prevention of adenomas (fixed-effects, RR = 0.89, 95%CI: 0.82-0.96; randomeffects, RR = 0.87, 95%CI: 0.77-0.98; high quality of evidence). The NNT was 20 (95%CI: 12-61) to prevent one colorectal adenoma recurrence within a period of 3 to 5 years. On the other hand, the association between calcium treatment and advanced adenomas did not reach statistical significance (fixed-effects, RR = 0.92, 95%CI: 0.75-1.13; random-effects, RR = 0.92, 95%CI: 0.71-1.18; moderate quality of evidence).
INTRODUCTION
Colorectal cancer is a tumour resulting from a complex interaction between inherited susceptibility and environmental factors, as demonstrated by genetic, experimental, and epidemiological studies [1] [2] [3] . It systematic review and meta-analysis of randomized controlled trials (RCTs) published in the peer-reviewed literature.
MATERIALS AND METHODS

Data sources and search strategy
To identify the studies of interest, we systematically searched the PubMed and Scopus bibliographic databases from their inception to 15 December 2015 (date of final search). Search terms included: "calcium" combined with "adenoma" or "polyp". The search was limited to RCTs and human studies. No language restrictions were applied. We also searched the Cochrane Library for any recently published systematic review on the subject, the WHO International Clinical Trials Registry Platform, and the ClinicalTrials.gov website, for completed but unpublished studies.
Two authors (Bonovas S and Lytras T) independently reviewed titles and abstracts to identify studies for inclusion. The full texts of the selected articles were carefully examined for eligibility, and their reference lists (as well as those of relevant systematic reviews [30] [31] [32] [33] ) were also investigated to identify any studies missed by the electronic database search.
Selection criteria
Studies were eligible for inclusion if they were randomized, placebo-controlled trials assessing supplemental calcium intake for the prevention of recurrent colorectal adenomas. All studies had to include follow-up evaluation (i.e., endoscopy) to confirm the presence or absence of adenomas. If the results of a study were reported in multiple publications and/or at multiple time-points, we selected the most updated publication and extracted the data for the maximum follow-up time reported, as long as it remained a randomized trial and fully reported the outcomes of interest.
Studies were excluded if they were observational; did not report (or provided insufficient data to calculate) the outcomes of interest; or evaluated multiinterventional therapies, in which the effect of calcium treatment could not be separated out. We did not apply restrictions on eligibility according to dosage, or duration of calcium supplementation.
Types of outcomes and data extraction
We analyzed the following two outcomes: (1) recurrence of colorectal adenomas (at least one adenoma detected during follow-up colonoscopies); and (2) recurrence of advanced or "high-risk" adenomas (defined as those that have a diameter ≥ 10 mm, villous or tubulovillous features, or severe dysplasia).
Data extraction was independently undertaken by two authors (Bonovas S and Lytras T) using a predesigned form. The following information was extracted from each study: first author, journal and year of publication, study design and duration, number and characteristics of participants, intervention parameters, and number of subjects with the outcomes of interest reported for the intervention and control groups.
Disagreements were resolved via consensus, referring back to the original articles.
Assessment of risk of bias
We assessed the risk of bias (RoB) in included studies using the Cochrane Collaboration's tool [34] , which addresses the following key-domains: sequence generation; allocation concealment; blinding; incomplete outcome data; selective outcome reporting; and other sources of bias, such as extreme baseline imbalances in prognostic factors, etc. These items were considered for RoB assessment and were classified as "adequate" (low RoB), "inadequate" (high RoB), or "unclear" (uncertain RoB). Studies reporting adequate procedures in all domains were classified as "low RoB", studies with inadequate procedures in at least one domain were classified as "high RoB", and those with unclear procedures in one or more domains were classified as "uncertain RoB". Discrepancies among reviewers were discussed and agreement was reached by consensus.
Data synthesis and analysis
The risk ratio (RR) was used to measure treatment effects. Study-level RRs along with their 95%CI were calculated using intention-to-treat data for study participants who completed the follow-up evaluation (i.e., follow-up colonoscopies).
Meta-analyses were performed twice, assuming a fixed-effects model (Mantel-Haenszel approach [35] ) and a random-effects model (DerSimonian-Laird approach [36] ). Under a fixed-effects model, we assume that the included studies share a common true effect, and the pooled effect is an estimate of the common effect size. Under a random-effects model, we assume that the true effects vary between the studies, and the pooled effect is a weighted average of the effects reported in the different studies. The random-effects model often leads to broader confidence intervals (i.e., it is a more conservative approach) [37] . The between-study heterogeneity was evaluated using the Cochran's Q test [38] , with a 0.10 level of significance, and the I-squared metric [39] , which describes the percentage of variation across studies that is due to heterogeneity rather than chance. I-squared values of less than 25%, 25%-50%, or higher than 50% indicate low, moderate, or high heterogeneity, respectively [40] . Publication bias was not assessed, because the relevant statistical tests lack power when the number of included studies is limited [41] . To express the treatment effect in clinical terms, we calculated the number needed to treat (NNT) to prevent one adenoma recurrence using the Mantel-Haenszel randomized studies of calcium supplementation met the eligibility criteria and were included: (1) the Vitamin D/Calcium Polyp Prevention Study [27, 46] ; (2) the Southwest Oncology Group (SWOG) Calcium Chemoprevention Pilot Study [47, 48] ; (3) the European Cancer Prevention Organisation (ECP) Calcium Fibre Polyp Prevention Study [28, 49, 50] ; and (4) the Calcium Polyp Prevention Study [29, 51, 52] . They were multicenter, randomized, placebocontrolled trials of supplementation with calcium for the prevention of colorectal adenomas. Daily doses of elemental calcium ranged from 1200 to 2000 mg, while the duration of treatment and follow-up of patients ranged from 36 to 60 mo. A summary of the trials' characteristics is given in Table 1 .
Patients underwent endoscopy at baseline; subsequent colonoscopies were then undertaken to assess adenoma recurrence during the followup. The studies differ in that the SWOG Calcium Chemoprevention Pilot Study [47, 48] recruited patients with completely resected colorectal cancer, while all the other studies included participants with colorectal adenomas removed before enrollment. All studies reported the number of subjects with adenomas (and advanced adenomas) identified during the follow-up fixed-effects risk difference (risk in the placebo group minus risk in the calcium group), in cases in which a statistically significant RR was detected. The NNT is the inverse of this risk difference. The quality of evidence (confidence in the synthesized effect estimates) was assessed using GRADE (Grading of Recommendations Assessment, Development and Evaluation) [42] . For all statistical analyses, we used the R software [43] , version 3.2.2, and the "meta" package for R [44] , version 4.3-0. All P-values are two-tailed. For all tests (except for heterogeneity), a P-value less than 0.05 indicates statistical significance.
Our study was performed in accordance with the Cochrane Handbook for intervention reviews [41] , and the PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-analyses) statement [45] . The study did not involve any experiment on humans or animals, thus an ethical approval was not required.
RESULTS
Search results
A summary of the literature search and selection process is shown in Figure 1 endoscopies; thus, we were able to conduct a post hoc analysis of these clinical trials, calculate RRs for the outcomes of interest, and incorporate them in the meta-analyses. Another two clinical trials were identified, but did not meet the eligibility criteria, and were excluded. The first study -included in two previous systematic reviews [31, 32] -examined a mixed intervention consisting of calcium, β-carotene, vitamin C, vitamin E, and selenium, compared with placebo [53, 54] . The second clinical trial, which was evaluating a combination treatment of aspirin, calcitriol, and calcium, compared with placebo, was terminated early because no positive tendency was shown in a preplanned interim analysis [55, 56] . In both studies, the effect of calcium could not be separated out; thus, they were not included in the evidence synthesis.
Risk of bias in included studies
The Vitamin D/Calcium Polyp Prevention Study [27, 46] , the ECP Calcium Fibre Polyp Prevention Study [28, 49, 50] , and the Calcium Polyp Prevention Study [29, 51, 52] , were judged to be at low RoB: their allocation sequences appeared to be adequately generated and concealed; patients and staff were masked; participants excluded from the analyses (those who had not undergone follow-up colonoscopy) were balanced in numbers and reasons across intervention groups; and the outcomes of interest for this review were fully reported.
The SWOG Calcium Chemoprevention Pilot Study [47, 48] was considered to have uncertain RoB, because information was insufficient to permit judgement about the sequence generation process, the method used to conceal allocation, and attritions/exclusions. Quality assessment items are presented in Figure 2 .
Results of quantitative synthesis
Recurrence of colorectal adenomas: Intentionto-treat data for 2984 participants, who underwent follow-up colonoscopies, were analyzed. Each one of the four included trials reported a lower recurrence rate of colorectal adenomas in the calcium group, as compared to the placebo group; however, the results only from two studies (the Calcium Polyp Prevention Study [29, 51, 52] and the SWOG Calcium Chemoprevention Pilot Study [47, 48] ) were statistically significant. The overall recurrence rate, on all four RCTs, was 41.1% in calcium groups and 46.2% in placebo groups, over a treatment and follow-up period of 3 to 5 years. We found a statistically significant modest protective effect (about 10%-15% risk reduction) of calcium supplements in the prevention of colorectal adenomas, both under the assumption of a fixedeffects model (RR = 0.89, 95%CI: 0.82-0.96) and a random-effects model (RR = 0.87, 95%CI: 0.77-0.98). The RRs with their 95%CIs for the individual studies, and the pooled results, are shown in Figure 3 . The Cochran's Q test had a P-value of 0.18 and the corresponding I-squared value was 39%, indicating moderate heterogeneity between the studies.
For patients treated with calcium supplements in the included trials, the NNT was 20 (95%CI: 12-61) to prevent one colorectal adenoma recurrence within a period of 3 to 5 years.
Recurrence of advanced (high-risk) adenomas:
We analyzed data for 2998 participants, who completed their follow-up evaluations (colonoscopies). None of the studies reported statistically significant results for advanced adenomas. Their overall occurrence, on all four RCTs, was 10.4% in calcium groups and 11.3% in placebo groups.
In meta-analysis, the association between calcium treatment and advanced adenomas did not reach statistical significance, either assuming a fixed-effects model (RR = 0.92, 95%CI: 0.75-1.13) or a randomeffects model (RR = 0.92, 95%CI: 0.71-1.18). The RRs with their 95%CIs for the individual studies, and the pooled results, are presented in Figure 4 . The Cochran's Q test had a P-value of 0.30 and the corresponding I-squared value was 17%, indicating low heterogeneity between the studies.
Quality of the evidence
Using the GRADE approach [42] , our confidence in the synthesized evidence is "high" for the first outcome (adenomas), but "moderate" for the second one (advanced adenomas), for the following reasons: (1) the data were derived from RCTs, which are considered as the gold standard for assessing drugs [57] ; (2) the synthesized effect estimates are precise for adenomas, but imprecise for advanced adenomas; (3) heterogeneity is low-to-moderate across studies; and (4) publication bias is not likely.
A high quality of evidence means that "we are very confident that the true effect lies close to that of the 
Figure 4 Forest plot for advanced adenomas: results from individual studies and meta-analysis.
For the analysis we used intention-to-treat data for patients who underwent follow-up evaluation (follow-up colonoscopies). ECP: European Cancer Prevention Organisation; SWOG: Southwest Oncology Group; n: Number of subjects with at least one adenoma detected during the follow-up evaluation; N: Number of subjects who underwent follow-up evaluation; RR: Risk ratio.
estimate of the effect", while a moderate quality of evidence means that "we are moderately confident in the effect estimate. The true effect is likely to be close to the estimate of the effect, but there is a possibility that it is substantially different" [58] . A summary of findings and strength of evidence is shown in Table 2 .
DISCUSSION
Chemoprevention is a promising area of cancer research focusing on prevention of malignancies through pharmacological, biological, and nutritional interventions [59] . As first defined by Sporn [60] , cancer chemoprevention uses natural, synthetic, or biologic agents to reverse, suppress, or prevent either the initial phase of carcinogenesis or the progression of malignant cells to cancer [61] [62] [63] [64] [65] . Regarding chemoprevention of colorectal cancer, several studies suggest that calcium may have chemopreventive potential [66] [67] [68] [69] [70] [71] [72] . Our knowledge on the underlying mechanism is incomplete. It has been proposed that calcium may protect against neoplasia in the large bowel by binding bile and fatty acids, thus decreasing their proliferative and carcinogenic effects on colonic epithelial cells [17] . Meta-analysis is a statistical methodology for combining the findings from independent studies [73] . We undertook this systematic review and metaanalysis to assess and synthesize the existing evidence on the efficacy of calcium supplements in prevention of colorectal adenomas.
In the recent literature, we have identified three systematic reviews with meta-analyses of RCTs examining the efficacy of calcium supplementation for the prevention of colorectal adenomas [31] [32] [33] . Carroll et al [31] and Shaukat et al [32] performed similar threetrial meta-analyses including the ECP Calcium Fibre Polyp Prevention Study [28, 49, 50] , the Calcium Polyp Prevention Study [29, 51, 52] , as well as the Hofstad et al [53, 54] study that examined a mixed intervention consisting of calcium, β-carotene, vitamin C, vitamin E, and selenium, compared with placebo. Both meta-analyses found a significant 20% risk reduction associated with calcium. On the other hand, the third meta-analysis by Weingarten et al [33] reported a larger protective effect for calcium (OR = 0.74, 95%CI: 0.58-0.95) including only the ECP Calcium Fibre Polyp Prevention Study [28, 49, 50] and the Calcium Polyp Prevention Study [29, 51, 52] , and excluding the Hofstad et al [53, 54] study because of the use of antioxidants as a co-intervention. However, Weingarten et al [33] used the numbers of randomized subjects, rather than the numbers of subjects who completed the follow-up evaluation (colonoscopy), as the denominator in the analysis. This approach assumes that none of the subjects lost to follow-up experienced the outcomes [74, 75] ; however, this assumption does not appear to be valid.
In our study, a rigorous and extensive literature search was conducted; four eligible randomized trials were identified (the Vitamin D/Calcium Polyp Prevention Study [27, 46] , the SWOG Calcium Chemoprevention Pilot Study [47, 48] , the ECP Calcium Fibre Polyp Prevention Study [28, 49, 50] , and the Calcium Polyp Prevention Study [29, 51, 52] ); two further trials were excluded (the Hofstad et al [53, 54] study and the Pommergaard et al [55] study [56] ) because they evaluated multi-interventional treatments where the effect of calcium could not be separated out; data extraction was carefully undertaken by two independent investigators; and the evidence was synthesized using appropriate statistical techniques.
Our results indicate a modest chemopreventive effect of calcium supplements against colorectal adenomas (approximately 10%-15% risk reduction; high quality (1) the basis for calculating the assumed risk is the overall event rate across the trial groups receiving placebo; (2) the corresponding risk (calcium group) is based on the assumed risk and the relative effect estimate (risk ratio); (3) the relative effect estimate and its 95%CI come from a Mantel-Haenszel fixed-effects meta-analytic model; and (4) the overall quality of evidence is judged as "high" for recurrence of adenomas, and "moderate" for advanced adenomas. A high quality of evidence means that "we are very confident that the true effect lies close to that of the estimate of the effect", while a moderate quality of evidence means that "we are moderately confident in the effect estimate. The true effect is likely to be close to the estimate of the effect, but there is a possibility that it is substantially different" [58] . of evidence). However, this effect was not statistically significant for the advanced (high-risk) adenomas (imprecise pooled effect estimates; moderate quality of evidence). These findings extend the results of the primary trials and have important implications for future research. The strengths of this systematic review should be weighed against a number of limitations. Firstly, the number of available studies was limited. Secondly, a colorectal adenoma typically requires 10-15 years to evolve into clinically invasive cancer [76] . Therefore, we did not examine whether calcium supplementation affects the progression of adenomas into invasive cancer. To address this question, studies with longer durations of treatment and follow-up are necessary.
Thirdly, we could not analyze whether the dose of calcium affected the results; however, the dose range was relatively narrow in the included trials (range: 1200-2000 mg of elemental calcium daily).
Despite these limitations, our study is the most up-to-date meta-analysis on the topic and adheres to the recommended PRISMA reporting standards. Calcium does not appear to strongly reduce the risk of adenomas; however, there is high quality evidence suggesting a modest overall risk reduction, which might be a composite of an effect of calcium supplements in some populations (e.g., the nonobese [27] ) and some adenoma types (e.g., the rightcolon adenomas [28] ), and lack of effect in others.
Therefore, we consider that the recent negative results published by Baron et al [27] is not the end of the road for calcium as a potential chemopreventive agent against colorectal carcinoma; rather a new research approach is warranted. There is good reason to focus again on basic research, and perform clinical and epidemiologic studies to answer questions related to dosing and duration of treatment, and identify populations for whom calcium might be particularly beneficial for prevention of adenomas and colorectal cancer.
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COMMENTS
Background
Colorectal cancer is the 3 rd most common malignancy and the 4 th most common cause of cancer deaths globally, with 1.35 million new cases and 0.7 million deaths annually. Most colorectal malignancies develop from adenomas arising from the lining of the intestine. That is why research on colorectal cancer prevention has often focused on prevention of recurrent adenomas.
Research frontiers
It has been suggested that calcium binds bile acids in the bowel lumen, inhibiting their well-known proliferative and carcinogenic effects. Calcium has also demonstrated a direct antiproliferative effect on cells, as well as promoting cellular differentiation and apoptosis.
Innovations and breakthroughs
Contrary to expectations, the recent randomized controlled trial published by Baron et al showed that daily supplementation with 1200 mg of calcium did not significantly reduce the risk of colorectal adenomas over a period of 3 to 5 years. In view of earlier promising clinical data, the authors sought to obtain a comprehensive picture of the evidence by conducting a systematic review and meta-analysis of randomized controlled trials.
Applications
The results show a modest chemopreventive effect of calcium supplements against recurrent colorectal adenomas. Further clinical and epidemiological research is warranted to answer questions related to dosing and duration of treatment, and identify populations for whom calcium might be particularly beneficial.
Terminology
Meta-analysis is a statistical methodology for combining the findings from independent studies.
Peer-review
This study presented the effect of calcium supplementation on colorectal adenoma recurrence through a meta-analysis of clinical trials. This is a valuable paper on secondary adenoma prevention in the colon. The authors give a comprehensive view of an important clinical topic.
